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. In figure (a), the ionic positions are the same in octants sharing only one edge and different in octants sharing a face. Each octant contains 4 Oxygen ions. In (a) ionic positions in only two adjacent octants are shown, where the octant on the left contains octahedral and the one on the right contains tetrahedral sites. All ions are positioned on body diagonals of the octants and the octant on the right contains a tetrahedral site at the octant center. [17] Ferrite materials have received significant attention in recent years due to their wide range of applications in the fields of electronics, optoelectronics, magnetics, magneto-electronics, and electrochemical science and technology [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Nickel (Ni) ferrites, in particular, have been studied extensively due to their remarkable properties such as high saturation magnetization, large permeability at high frequency, and remarkably high electrical resistivity [6] [7] [8] . Due to their low eddy current losses, there exists no other material with such wide ranging value to electronic applications in terms of power generation, conditioning, and conversion [10] . These properties also make them unique for application in microwave devices which require strong coupling to electromagnetic signals [11] . Unlike most materials, they possess both high permeability and moderate permittivity at frequencies from dc to the millimeter [11] . The focus of the present thesis work is the cobalt ferrite (CoFe 2 O 4 ) based composite materials. Therefore, a brief introduction to cobalt ferrite is presented below.
COBALT FERRITE -STRUCTURE, CHEMISTRY AND PROPERTIES
Cobalt ferrite (CoFe 2 O 4 ) (abbreviated as CFO) was one of the parent materials used in this study. This is a hard ferrite with good magnetic anisotropy and magnetostriction. It is being considered for use as a high density magnetic storage device because of its moderate saturation magnetization(M S ), high coercive force (H C ), and good chemical stability and mechanical hardness [7] .
The structural and electronic feature is of the compound gives it its excellent magnetic and electron properties. CFO has an inverse spinel structure (Figure 1.1 Co ions might not be as evenly distributed as assumed by the calculations [9] . The microstructure significantly influences the magnetic and electronic properties of CFO.
Homogeneity is an important factor, as is the presence of phases other than the primary phase. The other phases could be secondary or impurity phases. The size and shapes of the grains and crystallites has a strong effect as well. Uniformity is important for good magnetic and electrical properties in chemical composition as well as porosity, internal strain, microscopic grain structure, and phase relationships.
The following are the wide range of applications of CFO-based materials:
1. Spinel type cobalt ferrite is the only oxide material with large enough magnetostriction in normal operating conditions to work as a substitute at this time, and is a possible economical solution to the sensor and actuator technology based on magnetostriction. Low cost, good mechanical stability, better coupling coefficient, low thermal conductivity, high electrical resistance, and excellent in corrosion resistance all make CFO a good option for this technology [10] .
2. CFO has large magneto-crystalline anisotropy with a reasonable magnetization value. As mentioned before, this gives it promise as a magnetic recording material [11] .
3. Out of the different spinel ferrites, CFO has the most promise as an electrode for oxygen evolution from fused salts. Fused salt represents a difficult system, where most materials don't operate effectively. CFO has, however, shown itself to be a good stable anode.
4. CFO's inverse spinel structure is useful for studying the electro-magnetic effects of microstructure and lattice strain. Since the cations can be moved about the interstitial sites by various techniques, the microstructure can be changed, and the effects recorded.
5. The hard ferrite CFO has a relatively high coercivity, exchange bias, and moderate magnetization.
When coupled with its high thermo and chemical stability, this gives a wide variety of uses to the compound in the electronic, computer and biomedical industries [15] .
MOTIVATION AND SIGNIFICANCE OF THE PRESENT WORK
Because of their wide variety of applications in modern technology, much study is underway to understand the properties of ferrites in great detail and learn how to custom tailor their properties for specific targeted applications. This means continued research into the magnetic, electric and dielectric properties of the spinel ferrite family of materials. CFO can be seen as one of the most promising members of this family, and deserves good focus from research. Also, CFO is a possible material for use in novel magnetostrictive smart materials [18] .
It is also to be noted that the resistivity of the ferrites is high enough that eddy current losses are negligible in applications of inductance [19] . This has drawn attention away from the dielectric characteristics of spinel ferrites, but as their applicability at microwave frequencies is being demonstrated, the dielectric properties of these materials must also be examined. To this end, the current study is aimed examining the microstructure and dielectric properties of Hafnium oxide (HfO 2 ) incorporated into CFO. A detailed investigation of structure and dielectric properties of CFO-HfO 2 ceramics had been made and is presented in this thesis.
There are two primary reasons for choosing the subject of this investigation. The first is that there have been no previous studies on Hf incorporated CFO to the best of our knowledge. Because of this, much new enlightenment about the general patterns of ion substitution should begin to come to light over time from this research. In addition, Hf-based ceramic materials have many excellent properties such as high chemical/thermal stability and high dielectric constants along with other great electrical properties [20] [21] [22] [23] [24] . HfO 2 is a good example as it has a wide band gap, high dielectric constant, and excellent chemical/thermal stability coupled with great mechanical properties. This gives it uses in fields of structural ceramics, electronics, magnetism, and optoelectronics [20] [21] [22] [23] [24] . HfO 2 has even been considered for replacing SiO 2 in many computer and nanoelectronic areas because of its chemical stability in contact with SiO 2 and strong dielectric constant [22, 23] . For these reasons, CoFe 2-x Hf x O 4 ceramic materials show great promise for having good mechanical, electric and magnetic properties.
RESEARCH OBJECTIVES
The research objectives of this work are:
SYNTHESIS
CoFe 2-x Hf x O 4 ceramics were synthesized using the conventional solid state chemical reaction method. CoO, Fe 2 O 3, and HfO 2 powders (all with 99.99% purity) were used as the starting materials.
The powders were ground with a mortar and pestle for an hour before being heated at 1200 0 C for 12 hours in open air. The tablets were formed by pressing some of the powder into the correct shape, and then sintering the tablets at 1250 0 C for another 12 hours. By varying the relative amounts of each base powder used, different concentrations of x=0.000, 0.050, 0.075, 0.100, 0.150, and 0.200 were synthesized for both the powder samples and the tablets. These different specimens were used to study the properties of the Hf-oxide/Co ferrite composite.
X-RAY DIFFRACTION (XRD)
The structure of the ceramics synthesized was examined by the X-ray Diffraction (XRD). XRD is one of the best ways to determine the crystal structure of a material and can also give reading of the internal stress of the sample. The basic physical law behind this method is Bragg's Law, which has use in a wide number of fields [25] . Bragg's Law (Figure 2 .1) relates to the scattering of waves hitting a crystal lattice.
Here, n is an integer, λ is the wavelength of the wave striking the lattice, d is the distance between the crystal planes, and θ is the angle between the diffracted wave and the planes of the crystal. Many structural aspects of a sample can be determined from the graph obtained in the test. The position of a peak corresponds to different d-spacing and crystal structures, whereas the intensity of the peak relates to crystal structure and the amount of a phase in the sample. The shape of a peak can tell about strain, grain size, and even the internal defects of the sample [25] . To analyze a sample of known chemical composition, the sample's phase can be identified by comparison against previous profiles in databases. Since the ratio of peak intensities for two phases varies linearly with the weight fraction of the two, it is easy to calculate the amounts of different phases present. Measuring the d-spacing and lattice parameters, and comparing them to known relations between the two for different primitive cells can tell the unit cell structure, since certain peak patterns are known to match certain primitive unit cells [25] . Since the d-spacing of symmetric cells repeats itself in different directions, the more symmetric the cell, the more peaks are repeated, and the fewer peaks are seen on the graph.
Crystallite size can be measured by examining the width of a peak. Specifically, a measure called full width at half maximum (FWHM), which refers to the measurement of width half way up the peak, can be used to calculate the crystallite size from the Scherrer equation.
Here, B is the FWHM, λ is the wavelength of the X-rays, θ is the diffraction angle of the reflection, K is a shape factor dependent on the shape of the crystals, and L is the volume average of crystal thickness in the direction normal to the reflecting planes [25] . This method assumes uniformity in the crystal's sizes and shapes.
When dealing with new materials or compounds and composites that have less known data, a method called Rietveld analysis is often used to analyze the data from a sample. Rietveld analysis is a very powerful tool that can tell most aspects of a sample's crystal structure, percentage of phase amounts and even grain sizes among other things. The analysis is performed by a computer program simulating XRD profiles for theoretical crystal structures, and fitting the actual data to those generated profiles. Since compounds usually have similar structures to their parent compounds, simulated structures and their profiles can be generated within range of the actual compound. The main goal of Rietveld is to minimalize the residual function from the calculated profile and the measured profile [25] .
applied radiation was Cu K α (λ=1.5406 Å). The same HfO 2 powder used to synthesize the compound was tested to get a reference of one parent compound to compare to the XRD patterns of the new material. The CoFe 2-x Hf x O 4 samples were tested for all concentrations of Hf, and the data compiled and analyzed.
SCANNING ELECTRON MICROSCOPY (SEM)
Since their inception in the 1950's, electron microscopes have become one of the most useful research tools in biology, physics, and material science [27] . Just as the human eye and normal microscopes focus light (photons) through lenses to detect images, SEM systems use electromagnets to focus an electron beam onto a sample, and create a detailed image by picking up the reflected electrons and X-rays given off by the beam's impact [27].
Fig. 2.2 SEM Diagram [28]
The SEM works by firing an electron beam at a sample, and then detecting the backscattered electrons from the beam strike as well as the X-rays and translating them into a visual signal. An electromagnet is used to focus the beam to different levels of magnificationas seen in Figure 2 .2. The sample is held in a vacuum when the test is performed, which limits the application of SEM to substances that will not outgas in a vacuum. Also, since a conducting path is needed for the electron beam, non-metallic substances are sometimes sputter coated in a thin layer of metal for the test [27].
Fig.2.3 SEM Image of CoFe 2 O 4
To perform the SEM scans for this study, CoFe 2-x Hf x O 4 powder was spread on a carbon tape, which was then attached to an Al target. The SEM machine used for the scans was a high resolution Hitachi S-4800 SEM. The electron beam was at 15kV and the secondary backscattered electrons were detected to form the images gathered.
ENERGY DISPERSIVE X-RAY SPECTROMETRY (EDS)
Energy-dispersive X-ray spectroscopy or EDS (also called EDX or XEDS) is a technique for measuring the elemental content of a sample. EDS scanners are often part of SEM experimental setups.
As mentioned earlier, when an electron beam strikes a sample, the sample emits X-rays. The scanner measures the energy and wavelength of the X-rays emitted by the sample, and interprets the data to determine the element that the X-ray came from. Different types of X-rays are produced depending on which shell the initial electron vacancy came from in the production of the X-rays therefore the shell (K, L, M, etc.) is identified in the name of the X-ray. For example, Cu Kα came from a copper target, which had a hole in the K shell caused by the beam, and the α shows that the electron that fell to fill the hole came from the adjacent L shell (coming from the M shell that's above the L shell, would be Kβ). From the name, one can also distinguish which electron in the shell was involved. This would be the difference between Kα1 and Kα2. In EDS this isn't taken into account, because the sensors don't distinguish between them, and just show a Kα peak that is the weighted average between the Kα1 and Kα2 [29] .
Fig 2.4 Sample of EDS Scan
area, the way in which the elements are distributed can be mapped [29] . For this study, EDS scans were taken for powder samples of all Hf concentrations. The same Hitachi S-4800 machine used for the SEM scans was used for the EDS scans.
DIELECTRIC PROPERTY MEASUREMENTS
The basic principal of dielectrics is polarizability. When exposed to an electric field, the molecules or ions in a substance line up to form many dipoles. Polar molecules already are dipoles, and simply line up with the electric field. Non-polar molecules become polarized if in a strong enough electric field (Figure 2 .5). Even ions in a crystal lattice can shift slightly from their base positions to form dipoles aligned with the field. The stronger the dipoles formed by this, the higher the dielectric constant of the material. When a dielectric is placed in an active capacitor, the electric field of the capacitor creates aligned dipoles in the material, which in turn form their own electric field in material counter to the electric field of the capacitor. This gives a lower net electric field in the capacitor [30] .
Fig. 2.5 Active Dielectric [31]
The second of the two most important effects of the polarization of the dielectric, is the surface charges that form on the sides of the dielectric. These are opposite the surface charges on the capacitor surface that the dielectric touches. Since this gives a lower net charge on the capacitor than without the dielectric, the capacitor can hold more charge than without the dielectric for the same voltage. Because the capacitance is simply the charge a capacitance can hold per applied voltage, dielectrics increase the capacitance of a capacitor. The increase is proportional to the dielectric constant of the material [30] .
Here, C is capacitance, Q is charge, V is applied voltage, ε r is dielectric constant and C 0 is original capacitance. In addition to finding the dielectric constant of the material, two other properties were measured: the relaxation time and the dielectric loss factor.
When a dielectric is removed from an electric field, there is delay in depolarization of the material. This is called the relaxation time. It is usually quite short, even μs, but a few materials can have relaxation times in the thousands of years [30] .
Dielectric loss factor is a relative measure of how much energy is lost to a dielectric in an AC circuit. Thermal agitation prevents the dipoles from keeping up with the changing electric field in an AC capacitor. This leads to energy losses in the dielectric described by the term tan δ (the loss factor). This term is the ratio of the real to imaginary portion of ε r [32] .
Here, W vol is the power loss per volume for the dielectric, ω is the radian frequency, E is the electric field, and ε r ' and ε r '' are the real and imaginary parts of the dielectric constant [32] . over a range of frequencies. The relaxation time was calculated for each concentration. Measurements were taken using an HP 4284A precision LCR meter at room temperature. The lattice parameters of the composites can be obtained from these XRD curves. As the concentration Observed distortion can also be seen in the changes in Fe-O-Fe, Hf-O-Fe, Hf-O-Co bond angles and lengths at the B site [36, 37] . Table 1 The SEM images from the different samples are shown below in Figure 3 .7. The crystallites are seen to be evenly distributed in the scan. Also, smooth grain boundaries are evident. each ion when struck by an electron beam, which is unique to the generating element [33, 38] . The scans are shown in the figure below as a function of Hf concentration. 
DIELECTRIC PROPERTIES
The change in the real part of the dielectric constant ε' was measured and plotted for the different concentrations of HfO 2 . Two trends become evident. First, the dielectric constant drops with increasing frequency, which is normal for spinel ferrites as well as for many other materials. Second, the dielectric constant and the stability of the constant with changing frequency both increase with increasing HfO 2 . and Fe 3+ all contribute to the relaxation process. When multiple ions contribute as such, a modified Debye's function is often used [37] . The function is as follows [39] :
This proved a good fit, indicating that multiple ions do contribute to relaxation. Here, ε΄ is the real part of the dielectric constant,   is the dielectric constant at 1 MHz, τ is the mean relaxation time, α is the spreading factor of the actual relaxation times about the mean value, and ω is angular frequency. This The frequency variation of tan δ is shown in Figure 3 .11. The dielectric loss factor decreases with frequency as a general trend. A resonance peak occurs at 800 Hz for pure Co ferrite when the jumping frequency of the ions and the AC frequency are equal. The resonance peak occurs at a higher frequency with increasing Hf concentration, going to 5 kHz for the higher concentrations. Dielectric loss is caused when the dipole lags behind the applied electric field and is increased by the impurity phase of X-ray crystal diffraction was used to determine the morphology and phase of the samples, showing that they crystalize in the inverse spinel phase, like CFO. Impurity phase of HfO 2 occurs at higher concentration. SEM and EDS scans were taken of the powder samples. These scans showed both purity of the samples and homogeneity. The homogeneity is due to good sintering techniques. Dielectric spectroscopy was used to measure the dielectric properties of the material. The dielectric constant was measured against frequency for all concentrations. While the constant drops for high frequencies, it increases for higher Hf concentration and the loss of ε' at high frequencies can be significantly decreased at the higher Hf concentrations. By modeling the ε' curves to a modified Debye function, the relaxation time was calculated for the different samples. It was found that, due to increased hopping distance, the relaxation time goes up with addition of Hf, with a large initial jump for initial inclusion of Hf. The dielectric loss factor (tan(δ)) was found to decrease with increasing frequency, with a resonance peak at the point where frequency of the applied AC electric field matches the jumping frequency of the ions. This shifts to a higher frequency with increased concentration of Hf. The Hf concentration also affects tan(δ) at different frequencies.
The study performed here has shed light on the effects of heavy ion substation into ferrites. It is the start of the examination Hf substitution, and has added to the general base of knowledge about heavy ion incorporated ferrites. The data yielded by the study shows excellent dielectric properties for properly sintered Hf-CFO. While the economic viability of this new material will become manifest in time as its benefits are weighed against the high cost of the Hf element, the science of ferrites has advanced another great step toward a full understanding of these materials.
As this thesis work draws to a close, the work on Hf-CFO continues. As this is being written, data is being gathered for the temperature variance of the dielectric values made in this study. Work will continue, hopefully producing data on magnetic and mechanical properties in the future. Application of the new material as a thin film coating is also being examined by researchers here at the University of Texas at El Paso.
